The transcriptional enhancer of the lymphomagenic mouse retrovirus SL3 contains a binding site for the transcription factor core binding factor (CBF; also called AML1, PEBP2, and SEF1). The SL3 CBF binding site is called the core. It differs from the core of the weakly lymphomagenic mouse retrovirus Akv by one nucleotide (the sequences are TGTGGTTAA and TGTGGTCAA, respectively). A mutant virus called SAA that was identical to SL3 except that its core was mutated to the Akv sequence was only moderately attenuated for lymphomagenicity. In most SAA-infected mice, tumor proviruses contained either reversions of the original mutation or one of two novel core sequences. In 20% of the SAA-infected mice, tumor proviruses retained the original SAA/Akv core mutation but acquired one of two additional mutations (underlined), TGCGGTCAA or TGTGGTCTA, that generated core elements called So and T*, respectively. We tested whether the novel base changes in the So and T* cores were suppressor mutations. SL3 mutants that contained So or T* cores in place of the wild-type sequence were generated. These viruses induced T-cell lymphomas in mice more quickly than SAA. Therefore, the mutations in the So and T* cores are indeed second-site suppressor mutations. The suppressor mutations increased CBF binding in vitro and transcriptional activity of the viral long terminal repeats (LTRs) in T lymphocytes to levels comparable to those of SL3. Thus, CBF binding was increased by any of three different nucleotide changes within the sequence of the SAA core. Increased CBF binding resulted in increased LTR transcriptional activity in T cells and in increased viral lymphomagenicity.
Transcriptional enhancers in murine leukemia viruses (MuLVs) are crucial genetic elements for determining viral pathogenicity. Enhancer sequences located in the unique 3Ј region (U3) in the long terminal repeat (LTR) determine the tissue specificity of virally induced disease, the fraction of the mice that develop tumors, and the length of latency prior to the appearance of tumors. MuLV enhancers usually contain tandem repeat units that are located starting approximately 170 bp upstream of the transcription initiation site in the 5Ј LTR. Binding sites for various transcription factors are present within the repeats and the sequences flanking them (2, 3, 7, 12, 13, 21, 28, 33, (35) (36) (37) (41) (42) (43) (44) (45) .
One element within the enhancers of MuLVs and related type C mammalian retroviruses including feline leukemia virus and gibbon ape leukemia virus is known as the enhancer core. The core was first identified in the simian virus 40 enhancer (19) . Although the sequences of the 9-bp core elements are similar among simian virus 40, polyomavirus, and type C retroviruses, they are not identical. Mutagenesis studies showed that core elements are very important for the pathogenicity of the T-cell lymphomagenic MuLVs, Moloney MuLV (MoMuLV), and SL3 (14, 27, 34) . In Mo-MuLV, point mutations in the core reduced viral potency and changed the disease specificity from T-cell lymphoma to erythroleukemia (34) . The LTR enhancer of the lymphomagenic mouse retrovirus SL3 contains two 72-bp tandem repeats. Each repeat contains two slightly different core elements. Based on its position relative to other transcription factor binding sites, one of these (core I) corresponds to the core element of Mo-MuLV (27) . The SL3 and Mo-MuLV cores differ slightly in sequence (TGTGGT TAA and TGTGGTAAG, respectively). In addition, SL3 contains a second core element, termed core II, that has the sequence AGCGGTCTG (14, 27, 38) . Mutation of the core I element of SL3 strongly decreased the pathogenicity of the virus (14, 27) . Mutation of the core II element by itself had little effect on pathogenicity (14) . However, when both core elements were mutated, the virus was only weakly pathogenic and most of the tumors were B-cell lymphomas (10) .
Although all type C mammalian retroviruses have an identifiable core element positioned equivalently to the SL3 core I element, the actual sequences of the elements vary somewhat among the different viruses (12) . These differences can have large effects on viral pathogenicity. The core I element of SL3 (hereinafter termed the core element of this virus) and the core element of the weakly pathogenic MuLV Akv differ by 1 bp (the sequences are TGTGGTTAA and TGTGGTCAA, respectively). SAA is an engineered mutant of SL3 that is identical to SL3 except for the T to C change within the core elements in both enhancer repeat units in the viral LTR. Although SAA induced T-cell lymphomas in mice, the lymphomagenicity of SAA was reduced compared to that of SL3 as the latency period to disease onset was increased (27) . Thus, the 1-bp difference between the SL3 and Akv/SAA cores was important for viral pathogenicity. Nonetheless, it was surprising that SAA was as potent as it was, because the T to C change substantially decreased the transcriptional activity of the SL3 LTR in T lymphocytes (27) . Moreover, a 3-bp mutation in the SL3 core substantially inhibited viral lymphomagenicity (14) . To account for these discrepancies, it was hypothesized that the 1-bp mutations in the cores of SAA had reverted, thus restoring the original SL3 sequence (27) . These reversions were hypothesized to have occurred as the virus replicated during the period before the appearance of lymphomas (27) . To test this possibility, a reversion analysis was performed. LTRs of the proviruses in SAA-induced tumors were PCR amplified and sequenced. This analysis revealed that the original mutation in the enhancer core had reverted to the wildtype SL3 sequence in 68% of the mice with tumors (27) .
Interestingly, the tumor proviruses in several of the mice retained the original C mutation in the core but also acquired one of two mutations elsewhere within the core element. In 3 of 38 mice with lymphomas, the proviruses contained the core sequence TGCGGTCAA (the novel nucleotide is underlined). This sequence was identical to that of the core element of Soule MuLV (So-MuLV), a T-cell lymphomagenic virus (6) . This core element was termed So (27) . Six of 38 mice had proviruses with a core sequence TGTGGTCTA (the novel nucleotide is underlined) that generated a core element that was termed T* (27) . Since both So and T* retained the original C mutation and occurred independently in multiple mice, we hypothesized that they are core elements with second-site suppressor mutations.
In the study reported here, we tested this hypothesis. The LTR sequences of proviruses in tumors from mice containing So and T* core elements were recovered and used to replace the corresponding sequences of SL3 (27) . The lymphomagenic potential of these viruses in mice was analyzed. To elucidate how the mutations generating So and T* might affect viral lymphomagenicity, we also assessed their effects on binding of core binding factor (CBF; also called AML1, Runt, PEBP2, and SEF1) (8, 17, 18, 24, 37, 40) and on the transcriptional activity of the viral LTR in T lymphocytes.
MATERIALS AND METHODS
Generation of viral genomes containing the So and T* cores. Infectious clones of the viral genome were generated in a manner similar to that previously described (27, 29, 30) . The approach is summarized in Fig. 1 . LTR sequences containing the So or T* cores were PCR amplified from proviruses present in DNA isolated from lymphomas induced by SAA (27) . PCR products were generated with the primers HM23 (5Ј TTCATAAGGCTTAGCCAGCTAACTG CAG 3Ј) and HM22 (5Ј GATGCCGGCACACACACACACACTCTCCC 3Ј) at positions Ϫ470 to Ϫ443 and ϩ272 to ϩ244, respectively, relative to the transcriptional initiation site ( Fig. 1) (27) . PCR conditions involved a 30-cycle program of 1 min at 94°C, 1 min at 64°C, and 2 min at 72°C. The PCR products were digested with PstI and KpnI (Fig. 1A) and then subcloned into the corresponding sites of the pGEM 3Z(Ϫ) vector (Promega). LTR plasmid subclones were digested with BssHII and EcoRI, and a fragment containing the remainder of the SL3 genome including the gag, pro, pol, and env genes was inserted at those sites (Fig. 1B) . This resulted in the formation of a plasmid subclone that contained the complete viral genome with a single LTR (Fig. 1B) . These plasmids were cleaved with PstI to separate the viral and plasmid vector sequences. The viral fragments were self-ligated to form concatemers. This resulted in viral genomes that contained two identical LTRs, as previously described (27, 29, 30) . Infectious virus was generated by transfection of viral genomes into NIH 3T3 mouse fibroblasts. 10 6 cells per 60-mm 2 plate were seeded 24 h prior to transfection with Lipofectin (GIBCO BRL). Cells were passaged 1:10 every third day. Supernatants collected from transfected cells at each passage were tested for reverse transcriptase activity (11) . Approximately 3 weeks after transfection, viral stocks reached maximum reverse transcriptase levels. Aliquots of virus were frozen at this point, and the infectious virus titers were determined by XC plaque assays (31) . PCR and sequencing of proviral DNA (described below) from the infected NIH 3T3 cells confirmed the presence of each mutation.
Tumorigenicity assays. Newborn NIH/Swiss mice (Ͻ1.5 days) were injected intraperitoneally with 0.1 ml of virus (10 4 PFU, XC plaque assay). The diseased animals were sacrificed and necropsied. Gross pathological examination always revealed enlargement of the thymus, spleen, peripheral lymph nodes, mesenteric lymph nodes, or liver. Enlarged organs were stored frozen at Ϫ80°C until DNA was prepared from them. Southern blotting with a T-cell receptor ␤ probe was used to test whether the tumors were of T-cell origin (1, 15) .
Analysis of viral enhancer sequences in infected cells. Proviral LTR DNA was amplified from tumors by using PCR primers HM22 and HM23 (Fig. 1A) as described above. PCR products were electrophoretically resolved on a nondenaturing 5% polyacrylamide gel (27) . The individual bands differed by multiples of 72 bp. Each band was excised and the DNA was isolated by using Qiaex II (Qiagen). The bands were reamplified by PCR under the same conditions by using primer pair HM38 (5Ј AAGGCTTAGCCAGCTAACTGCAGTAACGCC 3Ј), at positions Ϫ466 to Ϫ436, and HM22, at ϩ272 to ϩ244 (Fig. 1A ). Products were isolated by using QIAquick (Qiagen). The resulting PCR products were sequenced directly by using primer MM29 (5Ј TCATCTGGGGAACCTTGA GAC 3Ј) at positions Ϫ136 to Ϫ115 relative to the transcription initiation start site (Fig. 1A) .
CAT plasmids and assays. Proviral core enhancer sequences that were PCR amplified from tumors as described above and subcloned into a pGEM3Z(Ϫ) (Promega) plasmid were cleaved with PstI. The 3Ј overhang was removed with T 4 DNA polymerase, and then the DNA was digested with BssHII. BssHII cleaved SL3 at the U3-R boundary in the LTR. This fragment was used to replace the corresponding sequences in an SL3-chloramphenicol acetyltransferase (SL3-CAT) plasmid clone containing the CAT gene (3, 32, 39) . SL3-CAT was digested with NdeI, and the 5Ј terminus was filled in by using the Klenow fragment of Escherichia coli DNA polymerase I. SL3-CAT was then cleaved with BssHII to generate a 3.5-kb vector fragment. The vector and LTR insert fragments were ligated together to generate CAT plasmids containing the LTR sequences described in the text. Transfection of cell lines was performed by the DEAEdextran method as previously described (3, 32) . 5.0 ϫ 10 6 cells per plate were pelleted and resuspended in 1 ml of TD (25 mM Tris-HCl [pH 7.4], 0.7 mM Na 2 HPO 4 , 5.1 mM KCl, 137 mM NaCl) containing 250 g of DEAE-dextran per ml, 5 g of reporter plasmid DNA, and 1 g of a Rous sarcoma virus LTRluciferase plasmid used as an internal control. The reagents were incubated at room temperature for 15 min. Five milliliters of medium supplemented with 10% fetal bovine serum was added, and incubation was continued for 20 min at 37°C. Cells were pelleted and resuspended in 5 ml of medium with serum. Cells were plated in 60-mm 2 dishes and harvested at 48 h. Cells were lysed by three cycles of freeze-thawing, and protein concentrations were determined by Bradford assays (Biorad) (4) . Aliquots of cell lysates were used for CAT or luciferase assays as previously described (45) except that the protocol included the use of 15 l of fluorescent BODIPY FL chloramphenicol substrate, FastCAT (Molecular Probes) instead of 14 C-labeled chloramphenicol. Silica gel thin-layer chromatography was performed in a sealed, equilibrated chromatography chamber containing chloroform:methanol (9:1, vol/vol). CAT activity was quantified by calculating the percentage of chloramphenicol that was acetylated by using the STORM imager that scans for blue fluorescence. Each sample was normalized with its corresponding luciferase assay. All samplings were performed in duplicate and at multiple times. Means and standard deviations were calculated and plotted.
Cell lines. SL3H and Jurkat cells were grown in RPMI 1640 medium supplemented with 10% fetal bovine serum, 100 U of penicillin per ml, 10 mg of streptomycin per ml, and 2 mM glutamine. L691-6 cells were propagated in Dulbecco's modified Eagle media (DMEM) supplemented as described above. NIH 3T3 cells were grown in DMEM with 10% calf serum and other supplements as previously mentioned. All cells were maintained at 37°C in 100% humidity and 7.5% CO 2 .
EMSAs. Electrophoretic mobility shift assays (EMSAs) were performed with a double-stranded, 31-bp radiolabeled probe that contained the SL3 core I sequence as previously described (3). Nuclear protein extract from the mouse T-cell line WEHI 7.1 provided the source of CBF protein (3). Double-stranded, unlabeled oligonucleotides served as competitor DNAs. The sequences of the competitors and probe were as follows (only the sequences of the plus strands are shown): for SL3, 5Ј ATCTGTGGTTAAGCACTAGGGCCCCGGCCCA 3Ј; for Akv, 5Ј ATCTGTGGTCAAGCACTAGGGCCCCGGCCCA 3Ј; for So, 5Ј ATC TGCGGTCAAGCACTAGGGCCCCGGCCCA 3Ј; for T*, 5Ј ATCTGTGGTC TAGCACTAGGGCCCCGGCCCA 3Ј; and for mutated SL3 core (MUT), 5Ј ATCTGCCGTTAAGCACTAGGGCCCCGGCCCA 3Ј. The binding reaction mixtures contained 10,000 dpm of SL3 probe labeled with [␥-
32 P]ATP and T 4 polynucleotide kinase, 5% glycerol, 50 mM NaCl, 10 mM Tris (pH 8.0), 5 mM EDTA (pH 8.0), 1 mM dithiothreitol, 2 g of poly(dI-dC) ⅐ (dI-dC), and 1 g of sonicated salmon sperm DNA. Competitor DNAs were added as indicated. The binding reaction mixtures were incubated at room temperature for 15 min. The samples were run on a 5% polyacrylamide gel at 110 V for 193 Vh at room temperature. The recirculated electrophoresis buffer contained 6.7 mM Tris hydrochloride (pH 7.5), 3.3 mM sodium acetate, and 1 mM EDTA (pH 8.0) (3, 45) . The gels were dried and exposed to a PhosphorImager screen for 24 h. The data were quantified and plotted.
RESULTS
Lymphomagenicity of second-site suppressor mutations generating So and T* cores. To test the hypothesis that the So and T* cores contain suppressor mutations, we engineered recombinant viruses containing these elements. The So and T* enhancer core sequences were detected initially in proviruses that were present in tumors of SAA-inoculated mice. Previous observations showed that the So and T* cores were present in proviruses where the LTR enhancers contained three 72-bp 
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tandem repeats (27) . LTR enhancers of MuLVs usually contain two tandem repeats (12) . For example, the infectious molecular clone of SL3 contains two tandem repeats (20) . However, viral genomes with more than two repeats or with a single unit have been identified (5, 16, 27) . Infectious virus derived by transfection of NIH 3T3 fibroblasts with the molecular clone of SL3 contained a mixture of genomes with a variable number of repeats (27) . LTRs with two-repeat units predominated, but LTRs with one and three repeats were also detectable. In lymphomas induced by SL3, proviruses with three enhancer repeats were observed and were often the predominant form (27) . Thus, SL3 exists as a quasispecies of isoforms with enhancers that contain variable numbers of tandem repeats within the U3 region of the LTR (27) . Three LTR enhancer repeat units were also reported to be present in tumors induced by a mutant of Mo-MuLV and in a tumor induced by feline leukemia virus (5, 25) . When proviruses in lymphomas induced by SAA contained three repeat units, they usually contained reversions or one of the putative suppressor mutations in at least two of the repeats (27) . This was interpreted to mean that single base mutations in the core sequence occurred first and that this was followed by changes in the number of enhancer repeat units (27) . We reasoned that viruses with the putative suppressor mutations present in more than one repeat unit would function as the most potently lymphomagenic viruses. Therefore, we isolated the LTR sequences that had So or T* cores present in multiple repeat units from proviruses present in SAA-induced lymphomas (27) . Consequently, the viruses that were tested were the viruses that we hypothesize actually caused the tumors in SAAinoculated mice.
LTRs containing the So and T* cores were PCR amplified from DNA isolated from SAA-induced lymphomas (Fig. 1A) . For the So core, a viral genome that had the mutation in three tandem repeat units was identified (27) . For the T* core, a viral genome that had the mutation in the two promoter-proximal repeats of the three present in the provirus was identified (27) . Restriction fragments containing the U3s of the amplified LTRs were used to replace the U3 sequences of an infectious clone of SL3 (Fig. 1B) . Each of the plasmid clones contained a single LTR (Fig. 1B) . Viral sequences were excised from the plasmids by digestion with PstI, self-ligated to generate concatenates, and used to transfect NIH 3T3 fibroblasts as previously described (27) . This resulted in two identical LTRs in the progeny proviruses. Viral RNA transcribed from the transfected DNA generated infectious virus that spread and infected all the cells in the culture. After several passages of the cells over 3 weeks, the reverse transcriptase levels in the culture supernatants reached a maximum level. XC cell assays indicated that both recombinant virus stocks had titers of about 10 4 infectious virus units per ml. Stocks of SL3 and SAA were generated in parallel. These attained the same titers with the same kinetics as the mutants. Therefore, the differences among the core elements did not affect viral replication in fibroblasts.
To verify that the viruses that contained the So and T* cores maintained the actual mutations, proviral DNA was PCR amplified from the infected NIH 3T3 cells and sequenced. We previously showed that PCR amplification of viral DNA from infected cells resulted in multiple bands that came from proviruses with variable numbers of repeat units (27) . Southern blotting confirmed that the bands were derived from proviruses and were actually present in the genomic DNA rather than resulting from polymerase jumping artifacts during PCR (27) . DNA amplified from a control culture transfected with the infectious SL3 clone exhibited bands corresponding to LTRs with one, two, and three repeats (Fig. 2) . The two-repeat structure predominated. Proviruses in the cultures infected with the recombinants containing So and T* core elements also showed bands corresponding to one, two, and three repeats (Fig. 2) . Although the plasmids used to initiate the infection contained three repeat units, proviruses with two repeats were also abundant. We interpret this result to mean that reductions in the number of enhancer repeats occurred due to polymerase slippage during viral replication. Most likely, viruses with the two LTR repeats have some replicative advantage over those with three repeats. Sequencing of the PCR-amplified bands indicated that the original mutations were indeed present in the viruses that replicated in NIH 3T3 cells. Therefore, the viral stocks used to infect mice consisted of mixtures of viral genomes with varying numbers of tandem repeat units that retained the original core sequences.
Lymphomagenicity of the viruses containing the So and T* cores was examined by injecting the viruses into newborn NIH/ Swiss mice (Fig. 3) . Parallel control studies were performed with SL3 and SAA viruses. SL3 virus caused tumors in 100% of infected mice, with a mean latency period of 69 days. SAA virus induced tumors in 88% of inoculated mice, with a mean latency of 112 days. It is unclear why only a fraction of the mice of this strain developed tumors after inoculation with the mutant. However, this effect was observed previously with other SL3 mutants in NIH/Swiss mice (29, 30) . Of mice inoculated with the virus containing So core, 66% developed tumors, with a mean latency of 79 days. The decrease in the latency compared to that in mice inoculated with SAA was highly significant in a Student t test (P Ͻ 10
Ϫ6
). Of the mice injected with the virus containing T* core, 62% developed tumors. The mean interval until onset of disease in the infected mice was 98 days. This result was also significant (P Ͻ 0.001). The increased potency of the So-and T*-core-containing viruses strongly supported the argument that the single base pair substitutions relative to the Akv core in SAA were indeed second-site suppressor mutations.
Previous studies showed that mutations within the core ele- ments sometimes altered the type of tumor that the virus caused (34) . Therefore, it was important to test whether the tumors induced by the So-and T*-core-containing viruses were T-cell lymphomas. Pathologically, the tumors induced by both these viruses were identical to those induced by SL3 and SAA, and the affected mice showed grossly enlarged thymuses, spleens, lymph nodes, and livers. Southern blotting confirmed that the tumors contained rearrangements in T-cell receptor ␤ chains (Fig. 4) . Thus, the tumors induced by the So-and T*-core-containing viruses were T-cell lymphomas.
Enhancer sequences of proviruses in So and T* virus-induced tumors. It was important to test whether the proviruses in the lymphomas induced by the So-and T*-core-containing viruses retained the suppressor mutations within the proviral core sequences. Genomic DNA was prepared from four separate tumors induced by each virus. Viral LTR sequences were PCR amplified and directly sequenced. The results are summarized in Table 1 . All four lymphomas induced by the So virus contained proviruses with two and three LTR enhancer repeats. Sequencing analysis showed that all the cores in the amplified bands contained the So core (Table 1) . LTRs with two repeats were amplified from all four lymphomas induced by the virus containing the T* core. In each case, the T* core sequence was present ( Table 1) . Three of the four tumors induced also contained proviruses with three LTRs. In one case, the structure was the same as the LTR of the virus in the original plasmid clone with T* cores in the promoter-proximal two repeats and an Akv/SAA core in the distal repeat (Table  1 ). In the other two cases, all three repeats had T* cores. In summary, the sequencing analysis showed that the viruses that were present in the tumors retained the original mutations. This observation provided additional strong evidence that the So and T* cores indeed contained suppressor mutations.
The enhancer core is one of many elements responsible for tumorigenicity in retrovirus-induced tumors. Mutations or deletions of other factor binding sites can affect disease (9, 29, 34) . In the 16 sequences that were obtained (Table 1) , a total of two mutations were detected within the enhancer repeats. Both were outside the core element.
Effects of the So and T* enhancer cores on transcriptional activity. The lymphomagenicity study showed that So and T* enhancer cores rendered the viruses containing them more potent than the virus with the Akv/SAA core. The effects of MuLV LTR enhancers on transcription in the target cells for disease generally reflect the effects on tumorigenicity (32) . We therefore expected that the transcriptional activities of the Soand T*-core-containing enhancers would exceed that of SAA but be less than that of SL3 in T cells. To test this, LTR CAT plasmids (Fig. 5) were constructed with the LTRs of SL3, Akv, SAA, and the SAA-derived viruses with the suppressor mutations. U3 and R region sequences were inserted upstream of the CAT reporter gene as previously described (3, 32) . We chose to test our set of CAT plasmids in T-cell lines because the SL3 virus caused disease specifically in T lymphocytes. In previous studies in T cells, SL3-CAT exhibited the greatest transcriptional activity, SAA-CAT displayed intermediate activity, and Akv-CAT had relatively low levels (27, 29, 30) . In non-T-cell lines, the activities of SL3-CAT, SAA-CAT, and Akv-CAT were approximately equal (27) . The same So-and T*-containing LTRs as were used to generate infectious virus (Fig. 1) were used to generate the CAT plasmids (Fig. 5) . The abbreviations SoSoSo and CT*T* were used to symbolize these LTRs, where the symbols So, T*, and C represent the So, T*, and Akv/SAA cores, respectively. Each symbol represents the sequence of the core in an individual enhancer repeat. The number of symbols indicates the number of 72-bp enhancer repeats in the LTR, with the first symbol representing the T*, T* T*, T*, T* 8 T*, T* C, T*, T* 9 T*, T* T*, T*, T* a The sequence of the core element in each of the repeats is shown; the first abbreviation represents the core of the promoter-distal repeat, and the last represents the core in the promoter-proximal repeat. The sequence of So is TGCGGTCAA, that of T* is TGTGGTCTA, and that of C is the sequence found in the Akv/SAA core, TGTGGTCAA. 
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on January 28, 2018 by guest http://jvi.asm.org/ promoter-distal repeat and the last representing the promoterproximal repeat. In the So-CAT LTR, each of the three repeats had a So core. In the T*-CAT LTR, two of the repeats had T* cores while the promoter-distal repeat retained the Akv core that was in the original mutant in the SAA-infected mouse. Because the So-CAT and T*-CAT constructs each had three 72-bp repeats, we generated for use as controls additional LTR-CAT plasmids that contained SL3 core sequences and three enhancer repeats. TTT-CAT contained three repeats, all with SL3 cores, and TTC-CAT contained three repeats, the two distal ones containing SL3 cores and the promoter-proximal one containing an Akv/SAA core. Viral genomes containing these LTRs were initially identified in proviruses in SAA-induced tumors (27) and were obtained by PCR amplification of the viral genomes from the tumor samples. These constructs allowed us to determine if a threerepeat structure had greater transcriptional activity than a tworepeat structure. Thus, we could distinguish between the effect of repeat number and the actual sequence of the core. Wild-type SL3-CAT was used as a standard arbitrarily set at 100% activity. In the three T-cell lines tested, Akv-CAT had 10 to 20% as much activity as SL3-CAT (Fig. 6) . SAA-CAT exhibited activity intermediate between those of SL3-CAT and Akv-CAT (Fig. 6) . TTT-CAT and TTC-CAT had activities similar to that of SL3-CAT (Fig. 6) . Therefore, the presence of a third SL3 core-or Akv core-containing repeat did not significantly alter the transcriptional activity of the LTR.
Both So-CAT and T*-CAT had higher transcriptional activity than SAA-CAT. T*-CAT exhibited activity comparable to those of SL3-CAT and the other three-repeat-containing LTRs (Fig. 6) . So-CAT also had activity similar to those of SL3-CAT, TTT-CAT, and TTC-CAT, although it was consistently slightly higher than the other activities (Fig. 6) . We conclude that changes in the core sequence increase the activity of the viral LTR in T cells to a level similar to that of SL3. Presumably, the second-site suppressor mutations in the core element affect viral lymphomagenicity by increasing the transcriptional activity of the viral LTR in T cells.
Effects of second-site suppressor mutations on transcription factor binding. The enhancer core of SL3 binds the transcription factor CBF. Therefore, we tested whether the second-site suppressor mutations might increase transcriptional activity of the LTR in T cells by increasing CBF binding. CBF binding was assessed by using an EMSA. A nuclear extract from WEHI 7.1 T cells was used as the source of CBF protein. A radiolabeled probe containing the core element of SL3 was tested in the presence of increasing amounts of unlabeled competitor DNAs that were identical except for the mutations in the core element. The competitor DNAs contained the SL3, Akv, So, or T* cores. A mutated SL3 core (MUT) that does not bind CBF (43) was also tested as a negative control. Quantitation of the effects of the competitors showed that the SL3 core bound CBF slightly better than the Akv core (Fig. 7) , consistent with previous observations (44) . Quantitation of the EMSAs indicated that the So and T* cores bound CBF better than the Akv core and even slightly better than the SL3 core (Fig. 7) . Therefore, increased binding of CBF to the So and T* cores correlated with the increased transcriptional activity in T cells and increased viral lymphomagenicity. When the oligonucleotides containing the So and T* cores were radiolabeled and used as probes in the EMSAs, no additional factors that bound to these sequences were detected (22) . Thus, the So and T* enhancer cores appear to bind only CBF, implying that it is the critical transcription factor for the increased transcriptional and lymphomagenic effects of the suppressor mutations.
DISCUSSION
The lymphomagenicity data provided strong evidence that the So-and T*-core-containing viral variants contained second-site suppressor mutations within their core elements. The suppressor mutations were originally selected during the lymphomagenic process in SAA-infected mice. They occurred within the same CBF binding sites as the original mutations and were detected in 20% of the lymphomas that developed in the SAA-infected mice. We previously showed that the SAA/ Akv core mutation was reverted in viruses present in 70% of the lymphomas in SAA-inoculated mice (27) . Thus, both reversions and suppressor mutations counteracted the detrimental effects on pathogenicity of the original mutation.
Ethelberg et al. (9) identified second-site suppressor mutations that occurred in a mutant of SL3 in which both the core I and core II elements were altered by substitutions at three positions. However, in those studies, suppression was caused by a deletion of a binding site for the transcription factor nuclear factor 1 (NF-1) within the LTR enhancer repeats. In our original analysis of tumor proviruses in 39 SAA-inoculated mice (27) , in five different mice we detected proviruses that contained deletions of various sizes in the enhancer region. These deletions encompassed the NF-1 site in the promoterdistal, 72-bp repeat (26) . Thus, it is likely that two distinct mechanisms, nucleotide substitutions within the core element and deletion of the NF-1 site, can lead to suppression of the single nucleotide mutation in SAA. However, Ethelberg et al. (9) did not detect any nucleotide substitutions within the core element from mice inoculated with the core I-core II mutant. We hypothesize that this was because the mutant that was tested in those studies had multiple nucleotide substitutions within the core. Presumably, these had such a large effect on CBF binding that the mutations generating So and T* core elements failed to restore sufficient CBF binding and viral lymphomagenic activity for viruses containing the suppressor mutations to be selected.
The original So-and T*-core-containing virus clones that we generated in this study contained three 72-bp repeats within their LTRs (Fig. 1) . Upon brief passage in NIH 3T3 fibroblasts, viruses with two repeats were abundant (Fig. 2) . When the SL3 clone with two repeats was passaged in the same cells, genomes with three repeats were detectable but not nearly as abundant as genomes with two repeats (27) . These observations suggest that the viruses with two repeats had some replicative advantage over those with three. Perhaps the genomes with two repeats are packaged more efficiently.
The presence of genomes with two repeats in the viral stocks used to inoculate mice means that the mice received a mixture of viruses with a variety of enhancer structures. In the case of the So-core-containing virus, the stock included viruses with enhancer repeats with SoSoSo and SoSo structures, where So indicates individual 72-bp units with a So core sequence. Proviruses with both types of enhancers were present in the lymphomas induced by So virus (Table 1 ). In the case of the T*-core-containing virus, the mixture was more complex. The original clone had CT*T* enhancer structure. The two-repeatcontaining viruses that formed by backward slippage during reverse transcription had the T*T* and CT* structures. These in turn could generate viruses with three repeats with the structures T*T*T*, CCT*, and the original CT*T* by forward slippage during reverse transcription in a subsequent replicative cycle. If multiple rounds of reverse and forward slippage occurred, then viruses with repeat structures CC and CCC should also have formed. Thus, mice inoculated with T*-corecontaining virus probably received a mixture of isoforms differing in their LTR enhancer structures. However, only T*T*T*, T*T*, and CT*T* were detected in the lymphomas that occurred in these mice (Table 1) . This observation emphasizes the strong selective pressure that the lymphomagenic process applies on viral enhancer structure.
The increased lymphomagenicity of the So-core-containing virus was correlated with increased CBF binding by the So core (TGCGGTCAA) compared to the SAA/Akv core (TGTGGT CAA) (Fig. 7) . Thornell et al. (38) found that the mutation generating the So core increased CBF binding in the context of the SL3 enhancer (TGCGGTTAA versus TGTGGTTAA). Therefore, this mutation increased CBF binding in the context of either the SL3 or the SAA/Akv core. Using selected and amplified binding analysis, Melnikova et al. (23) also found CBF preferentially bound to DNA molecules containing a C at the position of the mutation generating So. However, a C occurs at this position in only 4 of 35 C-type mammalian retroviruses that were analyzed in an extensive comparison of viruses in this genus (12) . The remaining 31 viruses have the T at this position (12) , and several of these viruses were potent, T-cell lymphomagenic viruses. This suggests that the effect of a viral core element on pathogenicity depends on additional parameters than just the affinity of the binding site for CBF.
The mutation generating T* (TGTGGTCTA) also increased CBF binding compared to the SAA/Akv core (Fig. 7) . However, Thornell et al. (38) found that this mutation in the context of the SL3 core (TGTGGTTTA versus TGTGGTTAA) had no effect on CBF binding. We interpret these observations to mean that the mutation generating T* affected CBF binding only when the preceding nucleotide in the core element was a C. Curiously, the selected and amplified binding analysis of Melnikova et al. (23) revealed that CBF bound to DNA molecules with a T preferentially to molecules with an A at the position where the substitution led to the T* core element, even though almost all C-type retroviruses have the A at this position in their cores (12) . One possibility to explain this is that neighboring nucleotides might affect which nucleotides at this position function best for CBF binding. Alternatively, the absence of a T at this position in all 35 C-type viruses analyzed might again reflect the possibility that the pathogenic activity of a viral core element depends on additional parameters than just the affinity of the binding site for CBF.
The increased binding of CBF due to the mutations generating So and T* core elements was correlated with increased transcriptional activity of the viral LTRs in T cells relative to that of the SAA LTR (Fig. 6) . The So-and T*-core-containing virus LTRs exhibited transcriptional activities in T cells comparable to that of SL3. The So-containing LTR appeared even slightly more active than the SL3 LTR. These results are consistent with the idea that relatively high levels of LTR transcriptional activity in T cells are necessary for T-cell lymphomagenicity of the virus.
Although the So and T* cores were comparable to the SL3 core in CBF binding and transcriptional activity, the viruses containing them were slightly less lymphomagenic than SL3. Both viruses differed from SL3 in that they induced disease in fewer than 100% of inoculated mice (Fig. 3) . T*-core-containing virus induced lymphomas with a statistically significantly longer mean latency period than SL3 (P ϭ 0.02). Although the mean latency periods to disease onset were not significantly different in the SL3 virus and So-core-containing virus (P ϭ 0.16), the last mice infected with the latter virus to develop disease did so more slowly than any of the SL3-infected mice. One possible explanation for the lower lymphomagenicity of the viruses with So and T* cores is that the differences in CBF binding and transcriptional activity among the SL3, So, and T* cores were small and thus may have been affected by experi- FIG. 7 . Binding of CBF to viral enhancer core sequences. (A) A radiolabeled oligonucleotide containing the core element from the SL3 LTR enhancer was used in EMSAs with crude nuclear extract from the WEHI 7.1 mouse T-cell line as a source of CBF. Five different, unlabeled, competitor DNAs were tested in increasing amounts of 0, 5, 12.5, 25, 50, and 500 ng per reaction as indicated. Competitor DNAs were isogenic with the probe except for the sequence of the core element. SL3, Akv, So, and T* indicate competitor DNAs from the corresponding viruses. MUT was a competitor DNA from SL3 with a 2-bp mutation that was previously shown to prevent CBF binding (43) . (B) The amount of binding was quantified by PhosphorImager analysis and plotted. The amount of binding detected in each experiment with no competitor DNA was set at 100%. mental variations. However, we were able to detect small differences between the CBF binding by the SL3 core and that by the SAA/Akv core that were consistent with those previously reported (44) . Likewise, we also observed differences in transcriptional activity among LTRs containing the SL3, SAA, and Akv cores that were consistent with those previously observed (3, 27, 29, 30) . Thus, it is conceivable that the So and T* cores indeed bind CBF and drive LTR transcriptional activity as effectively as the SL3 core. If so, then this raises the question why the viruses with So and T* core elements were less lymphomagenic than SL3. Perhaps a certain level of CBF binding and transcription in T cells is necessary for viral lymphomagenicity, but it is not sufficient for maximum viral lymphomagenicity. If so, then this would suggest that the effect of the core on viral pathogenicity is determined by CBF binding affinity plus some additional process. Another possibility is that cultured lymphoma cell lines that were used to test the transcriptional activity of the viral LTRs did not precisely reflect the normal T lymphocytes in the mice.
In summary, suppressor mutations within the core element restored part or most of the lymphomagenic activity of SAA. Multiple selective pressures may have led to the presence of viruses with the mutations producing So and T* core elements in tumors in SAA-infected mice. The suppressor mutations may have allowed the viruses to replicate better in T cells, leading them to outgrow the original SAA mutant. It is also possible that proviruses that had suppressor mutations were more effective at activating cellular protooncogenes and thus causing proliferation of the tumor cells.
